The bed nucleus of the stria terminalis (BNST) regulates defensive responses to threats and its anteroventral portion (BNST-AV) is involved. BNST-AV contains a minority of glutamatergic neurons scattered among a dominant population of GABAergic cells. There is evidence that these two cell types might exert opposite influences, the former promoting and the latter reducing anxiety. Although GABAergic cells greatly outnumber glutamatergic neurons in BNST-AV, in some circumstances the influence of glutamatergic cells appears to predominate. Related to this, BNST-AV receives a very strong noradrenaline (NA) input and negative emotional states are associated with a marked rise of NA concentration in BNST-AV. However, it is currently unclear whether NA differentially alters the excitability of glutamatergic and GABAergic BNST-AV neurons. Thus, to shed light on how BNST-AV regulates negative emotional states, the present study compared the physiological properties and NA responsiveness of glutamatergic and GABAergic BNST-AV neurons using whole-cell recordings in transgenic mice that express a fluorescent reporter in either cell group. We found that glutamatergic cells had a slightly more complex morphology than the GABAergic cells, a higher intrinsic excitability, and a different responsiveness to NA. Indeed, while NA inhibited EPSPs in both cell types through α1 and α2 adrenoreceptors, the EPSP reduction seen in glutamatergic cells had a lower amplitude and a shorter duration than in GABAergic cells. These differences were due to the presence of a β-receptor-mediated EPSP enhancement in the glutamatergic cells. Together, our results suggest that multiple properties contribute to the disproportionate influence of glutamatergic BNST-AV neurons.
INTRODUCTION
The bed nucleus of the stria terminalis (BNST) is not only involved in anxiety-like responses to unpredictable threats [1] but also regulates fear responses to discrete threatening cues [2] . This regulation depends on complex interactions between several cell groups in BNST. Among them are CRF-expressing neurons found in the anterolateral region of BNST, particularly its oval nucleus, which are thought to mediate the anxiogenic influence of BNST [3] . Although CRF-expressing BNST neurons have received much attention, there is evidence that glutamatergic cells in anteroventral portion of BNST (BNST-AV) also promote negative emotional states. In BNST-AV, a small group of glutamatergic neurons, estimated to account for 1-3% of the cells, is scattered among a dominant population of GABAergic cells ( [4, 5] ; but see ref. [6] for higher estimates), and it is proposed that the two cell types exert opposite influences on negative emotional states. Indeed, while glutamatergic BNST-AV neurons increase their firing rates during aversive stimuli, GABAergic BNST-AV cells show inhibitory responses to the same stimuli [7] . Consistent with these results, optogenetically activating glutamatergic BNST-AV cells and adjacent regions causes place aversion and anxiogenic effects, whereas activation of GABAergic cells produces place preference and decreased anxiety [7] .
Paralleling the above, there is also evidence that these two cell groups also regulate the HPA-axis in opposite ways. For instance, selective immunotoxic lesions of GABAergic cells increase adrenocorticotropic hormone and corticosterone levels after restraint stress [8] , indicating that GABAergic cells tonically inhibit the HPA axis. Supporting this interpretation, lesions of structures that provide excitatory inputs to BNST-AV, like the medial prefrontal cortex [8] and hippocampus [9] , decrease the number of fospositive GABAergic cells in BNST-AV, while increasing fos expression in the paraventricular hypothalamic nucleus (PVN). Yet, nonselective lesions that affect both cell types reduce stress-induced fos expression in the PVN ( [10] [11] [12] ; however see [13] ). Despite the limitations of lesion studies, these observations together raise the possibility that the impact of glutamatergic cells outweighs that of the more numerous GABAergic cells, such that BNST-AV exerts an overall excitatory influence on the HPA axis.
Importantly, BNST-AV's influence over negative emotional states is regulated by a massive noradrenaline (NA) input, one of the densest in the brain [14, 15] . Aversive events like immobilization stress [16, 17] , predator odors [18] , formalin-induced pain [19] and bitter solutions [20] increase NA levels in BNST-AV. While NA was reported to strongly inhibit BNST-AV neurons in vivo [21] and in vitro [22] , glutamatergic and GABAergic neurons could not be distinguished in these earlier studies.
Determining whether NA differentially regulates these two cell types through different receptor sub-types might allow us to reconcile discrepant findings in the literature. Specifically, while electrophysiological studies reported that βAR agonists have no effect on BNST-AV neurons [22] , beta-adrenergic receptor (βAR) antagonist infusions in BNST-AV attenuates stress-induced reinstatement of cocaine-seeking [50] , pain-induced place aversion [19] and anxiety-like behaviors [17] . Thus, it remains possible that glutamatergic cells mediate the behavioral influence of βARs and that these effects were undetected in physiological studies because they mostly sampled the prevalent population of GABAergic cells.
Thus, to shed light on how glutamatergic and GABAergic BNST-AV cells regulate negative emotional states, we compared their physiological properties and NA responsiveness using whole-cell recordings in transgenic mice that express a fluorescent reporter in either cell group.
MATERIALS AND METHODS
Procedures were approved by the Institutional Animal Care and Use Committee of Rutgers University, in compliance with the Guide for the Care and Use of Laboratory Animals (DHHS). One hundred and fifty nine mice of either sex (Jackson Laboratories, Farmington, CT) were used. To visualize glutamatergic or GABAergic BNST neurons, we crossed Vglut2-ires-Cre mice (Stock 016963) or Vgat-ires-Cre knock-in mice (Stock 016962) with Ai6 reporter mice (Stock 007906). Consistent with prior observations [23] , sections from the Vglut2-ires-Cre-Ai6 and Vgat-ires-Cre-Ai6 mice looked like negative images of each other and the expression of the reporter fluorescent protein ZsGreen1 conformed to prior reports on the distribution of GABAergic and glutamatergic neurons in the brain ( [5] ; see Fig. 1 for amygdala and BNST). While we acknowledge that false positives and negatives in expression are unavoidable in transgenic lines, the large sample sizes used in this study should limit their influence.
Characterization of physiological properties Methods for the preparation of coronal BNST slices, whole-cell recordings and data processing described previously [24] were adapted with minor modifications (Supplementary Methods). To assess spontaneous firing, cells were observed for 1 min at rest. To characterize their electroresponsive properties, we applied rectangular current pulses of gradually increasing amplitudes (±10 pA increments; 500 ms; 0.2 Hz) from −55 to −70 mV. Spike latency, firing threshold, and discharge rates were assessed at rheobase. Spike threshold was determined visually by examining the first and second derivatives of voltage traces.
Histology
To study the morphology of recorded cells, 0.5% biocytin was added to the pipette solution. The method used to reveal biocytin described in Rodriguez-Sierra et al. [25] was modified for thick tissue processing (Supplementary Methods). Labeled neurons were photographed and traced with a Nikon Eclipse E800 microscope using ×20, ×40, and ×100 objectives and StereoInvestigator 8.0 (Microbrightfield Bioscience, Williston, VT). The distance from the soma periphery to tip of the longest process was measured to determine process extent. The total number of branches was defined as the sum of the secondary, tertiary, and quaternary branches.
Stimulation and pharmacological analyses
To activate synaptic inputs, a pair of tungsten stimulating electrodes (inter-tip spacing, 200 μm) was placed in the stria terminalis (ST) to deliver current pulses (0.1 ms; 0.05 Hz) whose amplitude (0.1-0.8 mA) was adjusted below orthodromic spiking threshold. During these tests, cells were kept at −55 mV and their input resistance (Rin) was monitored by applying −10 pA pulses 10 s before ST stimuli. A 10-min baseline was obtained before drug application. Antagonists were added to the perfusate 10 min before agonist application and were present throughout the recordings. Agonists were applied for 10 min. In all experiments, picrotoxin (100 μm) was added to the perfusate to suppress inhibitory transmission.
NA was aliquoted and stored at −80°C with 100 μM ascorbic acid to prevent oxidization. Other drugs were aliquoted and kept in −20°C
. NA (N5785) was obtained from Sigma (St. Louis, MO). Isoproterenol (1747), Propranolol (0624), Phenylephrine (2838), and UK 14 304 (2466), were obtained from R&D Systems (Minneapolis, MN). Drug concentrations were based on prior investigations of NA effects in BNST neurons and other brain regions. Experimental design and statistical analyses Data are reported as averages ±SEM. Statistical tests are two-sided. After an initial screening for recording quality and stability done blind to data values, all cells were included in the statistical analyses. Approximately equal number of males and females were used. To check whether the distribution of data differed between sexes, the data was inspected statistically (using independent samples t-tests) or visually (when sample sizes were small). However, we observed that values overlapped extensively in all the experiments. Two brain sections containing BNST-AV were obtained from each animal. In each, we obtained one (for morphological and pharmacological experiments) or four (for electroresponsive properties) recordings. Since effect sizes could not be predicted before the experiments, we determined sample sizes by adopting common practices in the literature for similar experiments and erred on the side of oversampling to avoid Type II errors.
RESULTS
Prior studies suggest that, despite their low number, glutamatergic BNST-AV neurons might exert a disproportionate influence on behavior. Various factors might contribute to explain this paradoxical situation. Among them, the morphological properties of glutamatergic cells (dendritic extent or complexity) might allow them to integrate a higher number or more diverse set of inputs than GABAergic cells, they might have a higher intrinsic excitability, or they might be subjected to different neuromodulatory influences.
To explore these possibilities, we took advantage of the differential expression of the fluorescent reporter ZsGreen1 in the two mice crosses ( Fig. 1 ) and obtained visually-guided wholecell recordings from 110 Vglut2-reporter-positive to 117 Vgatreporter-positive BNST-AV neurons.
Morphological properties of glutamatergic and GABAergic BNST-AV neurons We recovered 39 biocytin-filled BNST-AV neurons (13 Vglut2-reporter-positive; 26 Vgat-reporter-positive). Their morphology (Fig. 2) was first analyzed irrespective of transmitter phenotype. One cell type, termed "varicose neurons," was dominant, accounting for 56% of the cells. These neurons lacked dendritic spines but bore numerous dendritic varicosities distributed in a regular pattern, reminiscent of beads on a necklace (Fig. 2d, e, h ). These varicosities had an ovoid shape (~2-4 by 1-2 µm) and intervaricose segments were in the 2-7 µm range. The incidence of these morphological properties was 77% (10/13) among Vglut2-reporter-positive cells and 46% (12/26) among Vgat-reporterpositive cells (Fisher's exact test, p = 0.09). It is unlikely that these peculiar morphological properties are artifacts of the slice preparation as they have also been observed before in tissue from perfused-fixed animals in the oval and juxtacapsular BNST regions, (see Figs. 7C and 16L in ref. [26] ).
A second type of cells, termed "spiny neurons," accounted for 34% of BNST-AV cells. These neurons exhibited a low density of dendritic spines that ranged in shape from thin to stubby (Fig. 2f , g, i-k). However, spines were not present in all dendritic segments. Moreover, although most of these cells bore dendritic varicosities, they lacked the regular necklace-like arrangement seen in the above cell type and were not present on all dendritic branches. Spiny neurons accounted for 35% (9/26) of Vgat-reporter-positive cells but only 8% (1/13) of Vglut2-reporter-positive neurons (Fisher's exact test, p = 0.06).
Thus, combining these morphological properties with transmitter phenotype yielded three main group of BNST-AV cells together accounting for 82% of recovered neurons: varicose and Vglut2-reporter-positive (V-Glut; Fig. 2a ), varicose and Vgat-reporterpositive (V-GAB; Fig. 2b ), spiny Vgat-reporter-positive (S-GAB; Fig. 2c ). Although the somata of S-GAB neurons were larger than that of V-GAB neurons (Table S1 ), somatic shapes overlapped extensively: round, oval, and angular somata were observed in the three cell groups. In contrast, there were differences in dendritic complexity and extent (Fig. 2l -n, see figure legend for statistics). Note that in the following quantification of these differences, we will use the term "process" rather than "dendrite" in acknowledgement of the fact that axon-like processes emerge from dendrites in~20% of BNST-AV neurons [25] . V-GAB cells had significantly fewer primary processes (Fig. 2l) and a lower process complexity overall (Fig. 2m ) than V-Glut and S-GAB cells (see Table S1 for total dendritic length). Also, there was a trend for the process extent of V-Glut and V-GAB cells to be higher than that of S-GAB cells (Fig. 2n ), but this analysis did not reach significance, probably due to dendrite truncation. Last, some V-Glut (Fig. 2A1 ) and V-GAB cells (Fig. 2b) had dorsally oriented dendritic branches that crossed the anterior commissure and extended in other BNST subnuclei. Of note, there were no differences in the distribution of physiological cell types among the V-GAB and S-GAB cells (Chisquare test, X 2 = 1.19, p = 0.55). Last, we compared the glutamatergic and GABAergic cells irrespective of their morphological classification. We found that glutamatergic cells have significantly more primary processes (t(37) = 2.16, p = 0.04), higher total dendritic length (t(37) = 2.37, p = 0.02) and higher overall process complexity (t(37) = 2.35 p = 0.02).
Electroresponsive properties of glutamatergic and GABAergic BNST-AV neurons Previously, three main classes of BNST neurons were distinguished in the basis of their electroresponsive properties [25, 27] and mRNA expression for different ion channel subunits [28] . When depolarized, the two prevalent classes display a regular spiking (Type-I) or low-threshold bursting (Type-II) phenotype and both exhibit time-dependent inward rectification in the hyperpolarizing direction. A less common cell class (Type-III) lacks the last feature and instead exhibits fast inward rectification in response to hyperpolarization and a regular spiking phenotype when depolarized. Interestingly, the incidence of the three cell classes in BNST-AV neurons conformed with previous observations but did not differ between Vglut2-reporter-positive and Vgat-reporter-positive cells ( Fig. 3a; Chi-square test, X 2 = 1.2, p = 0.5). While we did not find significant differences between the time constant and R in of Vglut2-reporter-positive and Vgat-reporterpositive neurons (Table S2 ), Vglut2-reporter-positive cells showed numerous signs of increased excitability (Fig. 3b-d, see figure  legend for statistics) . In response to juxta-threshold depolarizing current pulses, Vglut2-reporter-positive cells fired at shorter latencies ( Fig. 3B1) and at a higher rate (Fig. 3B2) than Vgatreporter-positive neurons. In addition, when we examined responses to juxta-threshold current pulses, the membrane potential trajectory deviated from passive responses earlier and at more negative potentials in Vglut2-reporter-positive neurons (Figs. 3B4 and 5 ). At last, the depolarizing sag in voltage responses to hyperpolarizing current pulses had a significantly higher amplitude in Vglut2-reporter-positive cells (Fig. 3C1 ) and they exhibited higher firing rates during depolarizing current pulses, at all intensities tested (Fig. 3C2) .
Consistent with these signs of increased excitability, spontaneous firing at rest was significantly more common in Vglut2-reporter-positive (79%) than Vgat-reporter-positive cells (53%; ChiSquare test, X 2 = 7.79, p = 0.003; Fig. 3d ) and the spontaneously active cells had significantly higher firing rates in Vglut2-reporterpositive (9.48 ± 1.11 Hz; n = 42/53) than Vgat-reporter-positive (4.19 ± 0.84 Hz; n = 27/51) cells (t(67) = 2.56, p = 0.01, independent-samples t-test).
Noradrenergic modulation of glutamatergic transmission A number of studies have shown that NA is released in BNST-AV during stress (see Introduction) and that it exerts inhibitory effects on BNST-AV neurons [21, 22, [29] [30] [31] . However, in these earlier studies, the transmitter phenotype of recorded cells was not identified and, presumably, most of the sampled cells belonged to the prevalent group of GABAergic neurons. To investigate whether NA differentially modulates excitatory inputs to glutamatergic and GABAergic cells, we assessed NA modulation of ST-evoked EPSPs (0.05 Hz) in BNST-AV neurons manually clamped at -55 mV, in the presence of picrotoxin (100 µM). Importantly, no time-dependent changes in EPSP amplitudes were observed during the 10 min baseline period, combined across all pharmacological experiments described below (one-way repeated-measures ANOVA with 30 baseline data points per cell separated into 2 min bins; F glut (4,66) = 1.94, p = 0.1; F gat (4,60) = 2.15, p = 0.08). Importantly, a mixedeffects ANOVA showed no interaction F int (4,504) = 0.831, p = 0.51, indicating that glutamatergic and GABAergic cells were not differentially affected by a potential rundown. To further ascertain that the effects caused by agonists are not contamined by a rundown, we repeated all the analysis explained below after excluding cells with baseline rundowns more than 25% (Fig. S2) . All the effects remained the same.
NA (100 µM) caused a significant reduction of EPSP amplitudes in both Vglut2-reporter-positive (n = 17; control, 5.4 ± 0.8 mV; NA, 3.3 ± 0.4 mV; F glut (2,32) = 17.9; p = 0.001, one-way repeated-measures ANOVA with raw 5 min control, 5 min agonist, and 10 min values; Fig. 4a, blue) and Vgat-reporter-positive cells (n = 14;
Glutamatergic and gabaergic ventral BNST neurons differ in their physiological properties... NZ Gungor et al. control, 6.2 ± 0.6 mV; NA, 2.1 ± 0.3 mV; F gat (2,26) = 52; p < 0.001; Fig. 4a, red; see Fig. S1A for 2 min bins; see Fig. S2A for the same analysis only with cells with no baseline rundown). However, the NA-induced EPSP reduction was significantly less pronounced in Vglut2-reporter-positive cells (Vglut2-reporter-positive, 32 ± 8% decrease; Vgat-reporter-positive, 64 ± 6% decrease; mixed-effects ANOVA F(2,58) = 5.76, p = 0.005; see figure legend for statistics that compare all time points) and it was shorter-lasting. Indeed, the washout period did not fully restore EPSP amplitudes in the Vgat-reporter-positive cells whereas Vglut2-reporter-positive cells recovered within 10 min of return to the control superfusate.
We detected no evidence that the NA-induced inhibition of STevoked EPSPs resulted from post-synaptic changes in excitability. That is, we observed no consistent shift in the current injected to keep the cells at −55 mV and, in a separate subsets of cells, no change in firing rates at rheobase (Vglut2-reporter-positive: control, 7.9 ± 1.7 Hz; NA, 9.3 ± 2. To identify which NA receptors mediate the differential EPSP modulation in Vglut2-reporter-positive and Vgat-reporter-positive cells, we tested the effects of α1 (Fig. 4c), α2 (Fig. 4d) , and nonselective βAR agonists (Fig. 4e) on ST-evoked EPSPs. For the three types of experiments, we provide the average (±SEM) of all tested Vglut2-reporter-positive (blue) and Vgat-reporter-positive (red) cells (Fig. 4c-e) as well as the data obtained in individual cells (Fig. 4b) .
The α1 receptor (α1AR) agonist phenylephrine (10 µM) reduced EPSP amplitudes in both, Vglut2-reporter-positive (n = 12; control, 4.6 ± 0.4 mV; phenylephrine, 3.6 ± 0.4 mV; F glut (2,22) = 9.4, p < 0.001) and Vgat-reporter-positive cells (n = 15; control, 4.6 ± 0.4 mV; phenylephrine, 3.5 ± 0.7 mV; F gat (2,28) = 3.4, p = 0.05, Fig. 4c , S1B, S2B). Similarly, the α2 receptor (α2AR) agonist UK 14-304 (1 µM) reduced EPSP amplitudes in both, Vglut2-reporter-positive (n = 11; control, 4.1 ± 0.6 mV; UK14-304, 2 ± 0.2 mV; F glut (2,20) = 14.1, p < 0.001) and Vgat-reporter-positive cells (n = 9; control, 5.9 ± 0.7 mV; UK14-304, 3.7 ± 0.8 mV; F gat (2,16) = 13.7, p < 0.001, Fig. 4d , S1C, S2C). In contrast, application of the non-selective βAR agonist isoproterenol (2 µM) did not affect EPSP amplitudes in Vgatreporter-positive cells (n = 13; control, 4.9 ± 0.5 mV; Isoproterenol, 5.2 ± 0.7 mV; F gat (2,22) = 0.5, p = 0.63) while a trend toward enhancement was observed in Vglut2-reporter-positive cells (n = 15; control, 4.5 ± 0.5 mV; isoproterenol, 5.3 ± 0.6 mV; F glut (2,28) = 2.1, p = 0.14, Fig. 4e, S1D, S2D) .
To further investigate whether βARs play a role in the NA modulation of Vglut2-reporter-positive cells, we tested the effects of NA in the presence of the βAR antagonist propranolol (5 µM, Fig. 5, S1E, S2A ). When βARs were blocked, NA further reduced EPSP amplitudes in Vglut2-reporter-positive cells (βARs not blocked: n = 17, 32 ± 8% decrease, βARs blocked: n = 12, 62 ± 6% decrease, t(27) = 2.9, p = 0.007, independent-samples t-test) but not in Vgat-reporter-positive cells (βARs not blocked: n = 14, 64 ± 6% decrease, βARs blocked: n = 11, 58 ± 7% decrease, t(23) = 0.7, p = 0.49). assessed by independent-samples t-tests in B1 latency to fire at rheobase, t(91) = 3.1, p = 0.003, B2 firing rate at rheobase, t(91) = 4.4, p < 0.001, B3 spike threshold, t(91) = 1.9, p = 0.06, and B4 first change in slope before spike threshold t(91) = 4.2, p < 0.001. B5 Method used to detect the first change in slope before spike threshold. C1 Depolarizing sag amplitude with −60 pA current injection, t(91) = 2.1, p = 0.03. C2 Rate of firing (y-axis) during depolarizing current pulses of increasing amplitude (x-axis), F betw (1,80) = 15.3, p < 0.001, F within (5,400) = 470.3, p < 0.001, F int (5,400) = 7.1, p < 0.001, mixed-effects ANOVA. D1 A Vglut2-reporter-positive cell at rest firing spontaneously at 8.5 Hz. D2 Frequency distribution of the spontaneous firing rates of Vglut2-reporter-positive (blue line) and Vgat-reporter-positive (red line) cells
DISCUSSION
We compared the morpho-physiological properties and NA responsiveness of Vglut2-reporter-positive and Vgat-reporterpositive BNST-AV neurons. The interest of these comparisons stems from evidence that even though glutamatergic cells constitute a minute portion of BNST-AV neurons, they seem to exert an outsized influence over behavior. We found multiple properties that may contribute to the disproportionate influence of glutamatergic cells, including a slightly more complex morphology, higher intrinsic excitability, and different responsiveness to NA. Below, we consider the significance of these findings in the context of current knowledge about the anatomy and function of BNST-AV.
Anatomical properties of glutamatergic and GABAergic BNST-AV neurons Besides a massive NA innervation from the brainstem A1 and A2 cell groups [14, 15] , the main afferents to BNST-AV arise from the central and basolateral amygdala, insular cortex, subiculum, midline thalamic nuclei as well as various hypothalamic and brainstem autonomic nuclei. In turn, BNST-AV projects to the central amygdala, hypothalamus, VTA, and several brainstem autonomic nuclei. Through these connections, BNST-AV is thought to mediate anxiety and stress (reviewed in ref. [2] ).
While there is much data about the connectivity of BNST-AV as a whole, it is unclear whether glutamatergic and GABAergic BNST-AV neurons form different connections. On the output side, early reports suggested that only glutamatergic BNST-AV cells project to the VTA [32] , but later studies showed that GABAergic cells actually contribute most of this projection [4] . Similarly, glutamatergic and GABAergic neurons both project to other BNST sectors [33] and CeA, although most of the latter projections are inhibitory [24] . Thus, both cell types contribute convergent projections to some of the areas targeted by BNST-AV. However, this may not be the case for all of BNST-AV's targets. Moreover, even in cases of convergent projections, the two cell types may contact different cell types.
On the input side, no tract-tracing studies have examined whether the two cell types receive different afferents. However, the distinct responsiveness of the two cell types to aversive and appetitive stimuli [7] is compatible with this possibility.
Physiological properties of glutamatergic and GABAergic BNST-AV neurons Another factor that likely contributes to the outsized influence of glutamatergic cells is their higher intrinsic excitability. Supporting this possibility, we found that Vglut2-reporter-positive cells had a more negative firing threshold than Vgat-reporter-positive cells and that most (~80%) fired spontaneously at rest (~10 vs.~4 Hz for Vgat-reporter-positive cells). Moreover, when depolarized, Vglut2-reporter-positive cells fired at shorter latencies and higher rates than Vgat-reporter-positive cells, even though their Rin was similar.
These disparities likely depend on the differential expression of one or more intrinsic voltage-gated currents. Indeed, neurons express diverse types of voltage-dependent ion channels whose differential distribution induces variability in the dynamics of current-evoked spiking and allows some types of neurons to fire spontaneously in an oscillatory manner in the absence of synaptic inputs [34] . For instance, spontaneous neuronal activity is commonly regulated by the hyperpolarization-activated mixed cation current I H [35] [36] [37] , the non-inactivating sodium persistent current INAP [38] [39] [40] , and various types of potassium currents [41] , all of which have been observed in BNST neurons [25, 27] . Furthermore, RT-PCR studies have established that expression of the underlying channel sub-units varies between different physiological classes of BNST neurons [28] . Thus, differences in the expression of voltage-gated channels might explain the differing excitability of glutamatergic and GABAergic neurons. For instance, we observed that during hyperpolarization, Vglut2-reporter-positive cells exhibit more pronounced depolarizing sags than Vgat-reporter-positive cells. Since I H shifts the V m positively during hyperpolarization, higher expression of I H by glutamatergic cells might contribute to their faster recovery from spike after-hyperpolarizations. Similarly, higher expression of I NAP or TRP-C [42] channels could be partly responsible for the higher excitability of glutamatergic cells. It will be important to compare the expression of these various ionic channels in glutamatergic and GABAergic BNST-AV neurons.
Differential noradrenergic regulation of glutamatergic and GABAergic BNST-AV neurons Since BNST-AV receives one of the densest NA innervation in the brain and NA is released in BNST-AV during aversive events (see introduction), we compared the NA modulation of ST-evoked EPSPs in Vglut2-reporter-positive and Vgat-reporter-positive neurons. We found that the inhibition of EPSP amplitudes by NA was markedly less pronounced and shorter lasting in Vglut2-reporterpositive than Vgat-reporter-positive neurons (~30 and 60% reduction, respectively). Previously, it was reported that NA inhibits glutamatergic transmission in BNST via the activation of α1ARs and α2ARs [22, 29-31, 43, 44] and the suppression of glutamate release [45] . Consistent with these findings, we found that NA reduces EPSP amplitudes in Vglut2-reporter-positive and Vgat-reporter-positive neurons and that α1AR and α2AR agonists mimic the inhibitory effects of NA.
Although prior electrophysiological studies reported that α1ARs and α2ARs mediate similar inhibitory effects in BNST neurons, their influence on behavior was found to differ. Intra-BNST infusions of α1AR antagonists block anxiety-like behaviors induced by immobilization stress [17, 46] or aversive contexts [47] , and reduce plasma levels of adrenocorticotropic hormone [17] . In contrast, intra-BNST infusions of α2AR agonists reduce freezing evoked by predator odor [18] and they lower light-enhanced and fear-potentiated startle [48] . Although α2AR underlie the most conspicuous physiological effect of NA, α2 receptors are also autoreceptors whose activation reduces both basal [49] and stress-induced [18] NA release in BNST. Presumably, this is why behavioral studies found that intra-BNST-AV infusions of α2AR agonists produce outcomes that would be expected from reduced NA levels.
Besides αARs, βARs in BNST also regulate negative states [17, 19, 50 ]. Yet, in vitro studies reported that βAR agonists do not affect glutamatergic transmission in BNST-AV [22] . Our results suggest that this negative finding might be due to the high number of GABAergic cells sampled. Indeed, we observed that while βAR blockade did not alter NA effects in Vgat-reporterpositive cells, it caused a further reduction of EPSP amplitudes in Vglut2-reporter-positive cells. Consistent with this, βAR agonist application induced a moderate increase of EPSP amplitudes in Vglut2-reporter-positive but not Vgat-reporter-positive cells. Thus, our results suggest that the discrepancy between prior behavioral and physiological findings regarding the effects of βARs in BNST-AV results from the fact that βARs preferentially excite glutamatergic neurons.
CONCLUSIONS
Overall, our results suggest that several factors contribute to make glutamatergic cells more excitable than GABAergic BNST-AV neurons. Their dendrites ramify more extensively, potentially allowing them to integrate a higher number of inputs, they are intrinsically more excitable, driving many of them to fire spontaneously at high rates, and they are less inhibited by NA than their GABAergic neighbors. The differential NA modulation combined with differences in intrinsic excitability might position glutamatergic cells to dominate BNST-AV outputs in stressful conditions (but see ref. [13] ).
Although the stress-inducing effects of βARs in BNST-AV might be explained by the excitation of the glutamatergic cells, the dominant effect of NA in BNST-AV is mediated by αARs and is inhibitory in both cell types. Since the glutamatergic cells stimulate the HPA-axis [8, 9] and negative emotional states [7] , NA's anxiogenic influence presumably depends on mobilizing glutamatergic cells. Possibly, the connectivity between glutamatergic and GABAergic cells supports network dynamics that increase the activity of glutamatergic cells and downstream effectors under NA modulation. Indeed, it is known that both glutamatergic and GABAergic cells make local connections, however these connections await characterization. Glutamatergic and gabaergic ventral BNST neurons differ in their physiological properties... NZ Gungor et al.
